The huge number of research studies carried out during recent decades focused on finding an effective solution for the waste treatment, have allowed some of these residues to become new raw materials for many industries. Achieving this ensures a reduction in energy and natural resources consumption, diminishing of the negative environmental impacts and creating secondary and tertiary industries. A good example is provided by the metallurgical industry, in general, and the aluminium industry in this particular case. The aluminium recycling industry is a beneficial activity for the environment, since it recovers resources from primary industry, manufacturing and post-consumer waste. Slag and scrap which were previously considered as waste, are nowadays the raw material for some highly profitable secondary and tertiary industries. The most recent European Directive on waste establishes that if waste is used as a common product and fulfils the existing legislation for this product, then this waste can be defined as 'end-of-waste'. The review presented here, attempts to show several proposals for making added-value materials using an aluminium residue which is still considered as a hazardous waste, and accordingly, disposed of in secure storage. The present proposal includes the use of this waste to manufacture glass, glass-ceramic, boehmite and calcium aluminate. Thus the waste might effectively be recovered as a secondary source material for various industries
Introduction
In general terms, the sustainable development of industrialized countries hinges on the adoption of environmentally friendly measures that affect the production and the resource use system, as well as the generation and management of waste products, including all the intermediate manufacturing processes. Increasingly restrictive environmental policies seek fundamentally to eliminate or reduce waste generation and pollution. Recycling is today, acknowledged to be a rational way of making use of resources that would otherwise be dumped and/or discarded.
The recent European Directive on waste, 2008/98/EC (ED, 2008) , in an attempt to simplify the existing legal framework, has revised the Waste Framework Directive (WFD, 1975) . The revision has included three questions on waste, namely: When, and for how long, does a substance become waste?; When is something a by-product of production rather than a waste?; and Is preparing a substance for re-use a form of waste management?. This revision also seeks to reduce the use of natural resources through the secondary resources management, and includes a new status for waste, which is defined as 'end-ofwaste' and provides several conditions in order to clarify when a waste ceases to be a waste (Lee and Nash, 2009 ). These conditions are: (1) the substance is commonly used for specific purposes; (2) a market exists for the substance; (3) the substance meets the technical requirements for the specific purposes and fulfils the existing legislation and standards applicable to products; and (4) the use of the substance will not lead to an overall adverse impact on environment or human health.
The aim of the present study was to describe in a review form, the evolution of several waste materials from the aluminium industry to become raw material, the need to perform research to achieve this purpose, and especially the research that has been performed to develop an environmentally friendly solution for hazardous waste from the aluminium industry.
Aluminium industry
The recovery of added-value materials from industrial wastes has, during recent decades, been one of the objectives of numerous studies (EI-Katatny et al., 2000; Sitting, 1975) . Both economic feasibility and environmental requirement have been the principal reasons, and the aluminium industry has not been an exception (Hughes, 1981) .
Aluminium is one of the most recycled metals and has many applications in modern society due to its unique combination of characteristics: softness, lightness and strength; excellent electrical and heat conductivity; corrosion resistance; low density and low melting point; and its complete recyclability. It is also the third most abundant metal in the Earth's crust after silicon and the lightest after magnesium. Close to 50 million tonnes of aluminium metal (from primary and secondary production) were consumed in 2006 in packaging, cars, aircraft, buildings, machinery and thousands of other products. Transportation uses are one of the fastest growing areas for aluminium use.
Primary aluminium is obtained from its main raw material, bauxite, by electrolytic reduction of alumina dissolved in a cryolite bath (Na 3 AlF 6 ) using the Bayer chemical process in alumina refineries. Four tonnes of bauxite are required to produce 2 tonnes of alumina which in turn produces 1 tonne of aluminium in the primary smelter. Only a few compounds of aluminium such as aluminium powder and aluminium sodium fluoride as well as the compounds in which the anion renders them reactive such as aluminium phosphide are classified as toxic in Annex 1 of the European Directive 67/548/EEC (79/831/EEC) (ED, 1979) , nevertheless this industry is considered to be one of the most polluting. The aluminium production has been classified as carcinogenic to humans by the International Agency for Research on Cancer (IARC, 1987) . The major environmental problems facing the primary aluminium industry are the production of red mud, the atmospheric emission of fluorides, and the high water and energy consumption. Recent technological improvements have seen the energy cost of producing 1 ton of aluminium drop to 15 000 kW, but that is still a lot of energy, and in addition the energy consumed in transporting the metal around the world must also be included. A lot of research has been carried out through the years, aimed at the reduction, recycling or re-utilization of its solid waste, but this is outside the scope of the present review.
Aluminium scrap
Nowadays it is difficult to imagine the life in developed countries without aluminium-made devices, but when these aluminium products reach the end of their useful life they become scrap (AZO Material, 2011; López-Delgado et al., 2007; Ünlü and Drouet, 2002) .
As a result, over the last few decades, a new industry has grown up. This is the secondary aluminium industry which has developed means for using this scrap as its raw material. Secondary aluminium is obtained by a process involving the melting of aluminium scrap and other materials or by-products containing this metal. The technologies that are used vary from one plant to another depending on the type of scrap, oxide content, the impurities, etc. These factors also influence the fluxes that are used to maximize the recovery of aluminium. Within secondary aluminium production, two types of process are clearly differentiated according to the type of furnace used (rotary or others). The difference lies in whether or not fluxing salts are used to assist in the melting of the scrap. The use of salts achieves a higher aluminium recovery rate (Raja and Yogeshwar, 1998) , as they improve the coalescence of the molten metal, eliminate the oxide layer surrounding it, and thus reduce the degree of metal oxidation during the melting process. The general scheme of secondary aluminium production from secondary raw materials is summarized in the process diagram presented in Figure 1 (López-Delgado et al., 2007) .
This industry is based on refiners and remelters, who produce casting alloys and wrought alloys, respectively.
Aluminium scrap is defined in two categories: new and old scrap. New scrap is the surplus material that is discarded during the manufacturing of aluminium alloys. Most new scrap reaching the recycling industry comes directly from the manufacturers. It is usually of known quality and composition and it can therefore often be melted down with little preparation. Old scrap consists of products which have reached the end of their useful life. Such scrap includes items such as used beverage cans, car cylinder heads, window frames from a demolished building or old electrical conductors. Old scrap comes to the recyclers via a very efficient network of metal merchants, collectors, dismantlers and scrap processors who have the technology to separate aluminium from motor vehicles, household appliances and other items. This is often done using heavy equipment such as shredders, normally together with magnetic separators to remove iron, and sink-andfloat installations to separate the aluminium from other materials by density.
Aluminium scrap from different production processes or from end-of-product-life waste is nowadays a raw material with markets throughout the world. In general terms, 1 tonne of old scrap produce 0.5 to 0.7 tonnes of aluminium ingots, but a greater quantity will be required to produce this weight of aluminium ingots if the aluminium content of the scrap is lower. According to the International Aluminium Institute (IAI, 2010) in 2006, 16 million tonnes of total world production of aluminium came from the secondary industry and it is considered that scrap is a good example of how waste can become a raw material. Thus, in Europe, there are 153 refiner plants and 123 remelter plants and during 2006 they produced a total of 5.2 million tonnes of recycled aluminium, which represents about 40% of the European aluminium demand. During the last decade, secondary production in countries such as Germany, Italy and Spain has practically doubled, as can be seen in Table 1 , which shows that Germany went from 432 000 to 837 000 tonnes, Italy from 443 000 to 703 000 tonnes and Spain from 173 000 to 345 000 tonnes in 2007 (OEA, 2010) .
The recycling of aluminium has several advantages, not only because it avoids the extraction of new raw material, but it can also be used to manufacture the same products as are obtained with the primary material, and the recycling process can be continued indefinitely without any loss of quality. Furthermore, the use of recycled aluminium involves a great energy saving, as it needs only 5% of the energy required to produce the primary metal and involves far fewer environmental problems.
Aluminium slag
When aluminium products are melted in rotary furnaces using saline fluxes, saline slag is produced, which is classified as hazardous waste (Guías Tecnológicas, 1996; Viland, 1990) . They occur in the form of large blocks of vitreous structure and dark grey colour. The composition of saline slag depends on the scrap quality and the composition and amount of salt used, but the salts content can reach values of 30-55% NaCl and 15-30% KCl (Ünlü and Drouet, 2002) . Different processes for the treatment of this slag have been reported and consist principally of removing salts and the recovery of aluminium oxide (Alfaro, 1997; Alfaro and Ballhord, 1997; Graciano et al., 1996; Hoo-In, 2001; López et al., 1994; Necip and Drouet, 2002; Palvik, 1993; Pereira et al., 2000) . For reverb and other type of furnaces, saline fluxes are not used, and in this case the aluminium slag composition is totally different to that of saline slag. The total aluminium content in this slag can reach 70-75% and it is distributed as metallic aluminium, corundum and other compounds such as aluminium nitride, aluminium sulfide, etc. (Alfaro, 1996; Stein, 1996) . The treatment of this aluminium slag has become a new industry, the tertiary industry, whose business is to obtain marketable products from slag milling. Thus, for this industry, slag can be considered another example of waste being treated as a raw material.
Generally speaking, the processes for the treatment of secondary aluminium slag consist of milling, shredding and subsequent granulometric classification. The slag is milled in autogenous mills, an operation that can be carried out in hot or cold conditions, thus obtaining different products of varying quality. The slag milling process includes feed system, different types of mills, sleeve filters, cyclones and also magnetic separators to separate the ferrous fractions. (Hoo-In et al., 2001) . Table 2 shows the different granulometric fractions obtained by milling aluminium slag, which include the singular d 50 and d 90 values and the aluminium content (metallic aluminium and soluble aluminium which includes soluble aluminium compounds such as nitride among others). The oxide aluminium content is not included in Table 2 . The coarser fraction is the higher metallic aluminium content. Thus the coarsest fractions are commercialized for various uses within the aluminium industry or in other metallurgical industries such as synthetic slag and deoxidizers in ladle metallurgy. In addition to these marketable fractions, milling also generates powdery solids of a very fine grain size which are captured by suction systems and treated in sleeve filters. Two examples of waste fines with values of d 90 , ranging from 12 to 49 µm are shown in Table 2 . Concerning the total content of aluminium, for marketable fractions, the range is between 60 and 75% and for waste fine, it is generally lower than 50%.
The waste considered in the case study and presented in this work, is this fine solid of less than 50 µm, which is captured by the suction system in the tertiary aluminium industry.
The case study

Characterization of the waste and hazardousness
The waste product referred in this paper is named, hereafter as hazardous aluminium waste (HAW), which is a very fine powdery solid, of a grey colour and a characteristic odour (derived from its aluminium nitride, carbide and sulfide contents). The chemical composition (Table 3 ) varies according to the type and quality of the processed scrap, the classification and trapping methods used, etc. The aluminium content is distributed in several mineralogical phases: metal, spinel, corundum, nitride, carbide, sulfide, etc. Silicon is observed as metal, quartz and silicates. Furthermore, other phases such as fluorides, chlorides and iron oxides can also be included.
The United States Environmental Protection Agency (US EPA, 1980) and the European Union (Council Directive, 1994) classify this material as a hazardous residue, among other reasons because of its poor chemical stability. European legislation defines the waste as H12 (Donatello et al., 2010) , because of its spontaneous, exothermic reactivity with water and environmental humidity, thus generating toxic compounds such as hydrogen, ammonia, methane and hydrogen sulfide according to the reactions (1) to (4) (López et al., 2001) :
The presence of these phases in the slag, and consequently in the HAW, depends on the type of furnace used and above all on the atmosphere inside the furnace, together with the type and quality of the scrap used in each installation. The amount of HAW generated is estimated, in general terms, at around 13 kg tonne −1 of treated aluminium scrap, which means around 300 000 to 500 000 tonnes are generated in the world. This sounds a small amount in comparison with other waste, and so it was traditionally stored in secure sites. However, about 10 years ago, in Spain, this type of management began to be questioned, and it became more difficult for this waste to be accepted in landfill sites due to episodes of spontaneous ignition triggered by an aluminothermy process within the HAW. As a consequence of this, managers of landfills refused to accept this waste which has since been stored in the yards of the producers. In addition, the enforcement of the new European Directive on waste landfills and the implementation of the Directive on 'Integrated Pollution Prevention and Control' (IPPC), which establishes the obligation to transform hazardous wastes into inert materials before storage, made it necessary to develop pretreatment processes prior to the dumping of these waste materials (ED, 1999; IPPC Directive 1999) .
Stabilization/solidification
Stabilization/solidification (S/S) is accepted as a well-established disposal technique for the treatment of hazardous waste. The degree of effectiveness of the S/S products is defined basically by two parameters: the strength and the leach resistance, the first is an indicator of solidification and the other is used to assess the extent of fixation (Malviya and Chaudhary, 2006) . The continuing need to develop economical and improved waste management techniques has increased the potential importance of the solidification technology throughout the world. The conventional S/S technologies based on cement-like materials, however, are not easily applied for this kind of waste, because of the presence of water which releases gases as commented above (Shinzato and Hypolito, 2005) .
A new process of S/S of HAW has been developed to obtain a less reactive material than the initial waste, and achieve mechanical properties that facilitate its handling, transportation and acceptance in landfills in accordance with the European Directives (López-Gómez and López-Delgado, 2004; López-Delgado et al., 2005; Tayibi et al., 2005) .The procedure consisted of mixing the waste with commercial gypsum in different proportions and subsequently setting the mixture with water. The stabilization procedure is based on the strong dehydrating action of calcium sulfate during the setting process, according to the reactions (5) and (6): As a result, aluminium metal and the compounds of aluminium which react with water such as nitride, sulfide, etc. are hydrolysed to form aluminium oxide. The gases generated in the process must be captured, but the final product consists fundamentally of alumina, gypsum, spinel and quartz. The appearance of these final products is shown in Figure 2 . Their colour varies from the light colour of the pure gypsum specimen to a dark grey colour in the specimens with the highest HAW content. Concerning the reactivity of the final product, related to ammonia and hydrogen emissions, it was seen that a relatively low gypsum addition, ~20%, produced an important decrease of close to 70% in ammonia emissions. This decrease grows with the proportion of gypsum in the mixture, and thus for proportions of HAW/gypsum 50/50 the decrease in ammonia emissions was greater than 85%. In the case of hydrogen emissions, which are related to the aluminium metal content, the decrease was more than 70% for a HAW/gypsum ratio of 50/50. Furthermore, the remaining Al contents did not present reactivity, because during the process, the aluminium grain becomes coated with a 2 . Appearance of specimens obtained in the S/S process with gypsum.
hydrolysed aluminium layer that protects it from possible subsequent contact with water.
Consequently it may be said that the S/S of HAW with gypsum produces the hydrolysis of both the aluminium nitride and the metallic aluminium contained in the waste, to such an extent that its reactivity is very significantly reduced.
The mechanical properties (compression strength, flexion resistance and Brinell hardness) for the specimens prepared with different waste/gypsum ratios in comparison with the value of commercial gypsum set in the same experimental conditions are shown in Figure 3 . The compression strength is higher for samples obtained with the waste than that corresponding to pure gypsum, irrespective of the waste content of the mixture. Although some variations are observed as a function of the waste proportion, these are not very significant, and the average value may be said to be between 13 and 16 N mm −2 . In the case of flexion resistance, up to a dust proportion of 50% in the mixture, the values obtained are higher than that corresponding to gypsum (3.3 N mm −2 ), with an average of between 4 and 5 N mm −2 . As for the Brinell hardness, it increases with the amount of waste in the mixture, and even with the lowest proportions is higher than the value corresponding to gypsum (15.6 ± 0.3 N mm −2 ) (López-Delgado et al., 2007; Tayibi et al., 2005) .
Obtaining added-value materials
Taking into account the European Directive on waste, 2008/98/ EC (ED, 2008) , and with the aim of working towards the transformation of a waste into an 'end-of-waste', this new concept defined in the European Directive, the proposal was to synthesize different added-value materials using HAW as raw material. These added-value materials include glasses and glass-ceramics, boehmite and calcium aluminates.
Glasses and glass-ceramics. Vitrification of waste is a useful and well established technology to render materials inert, but this seems to be only economically viable when applied to radioactive waste. For other types of waste, only further applications of the vitrified waste could justify the cost of this technology (Bernardo et al., 2006; Li et al., 2007; López et al., 1996; Scarinci et al., 2000) . Due to the chemical composition of HAW, the glass system CaO-Al 2 O 3 -SiO 2 was selected to be able to use the as-received HAW as a raw material to produce these types of glass (López-Delgado et al., 2009 ). These glasses are considered in terms of their optical properties (Saggese and Harrington 1993) and their tendency towards devitrification could yield glass-ceramic materials with high thermal stability among other interesting properties (Cormier et al., 2000; Higby et al., 1990) . Two practical considerations were taken into account to select the CaO-Al 2 O 3 -SiO 2 system: one was the use of the least possible and low-cost additional reactants, and the other was the use of the highest amount of waste. Different glasses were manufactured by mixing HAW quartz sand and calcium carbonate as sources of Al 2 O 3 , SiO 2 and CaO, respectively. Batch melting were carried out at 1500 °C.
In the experiments, alumina varied between 20 and 55%, lime between 40 and 80% and silica between 0 and 25%. Figure 4 shows the ternary diagram for the CaO-Al 2 O 3 -SiO 2 system showing the glass-forming area. Dark green glasses with variable composition, as shown in Table 4 , were obtained by incorporating a HAW content ranging between 48 and 77%. This demonstrates that it is possible to use a high amount of waste to prepare glasses. Table 4 also presents the values of the physical properties of glasses such as density, micro-hardness and toughness. The micro-hardness was determined by Vickers micro-indentation and the values range between 6.1 and 6.6 GPa. These values were seen to increase with Al 2 O 3 content, as was to be expected in a mixed network progressively reinforced with Al 2 O 3 . The same tendency was observed in toughness (K IC ), which varied between 0.8 and 1.5 MPa m 1/2 . The toughness also increased with the percentage of Al 2 O 3 ; that is, with the percentage of HAW in the glass. The density values varied between 2.71 and 2.89 g cm −3 . In general, the higher the Al 2 O 3 content the higher the density.
The thermal expansion coefficients (α) of glasses vary from 63 × 10 −7 K −1 to 139 × 10 −7 K −1 . Glasses composed principally of aluminium oxide and calcium oxide are highly refractory and they have a high thermal expansion coefficient (Fernández Navarro, 1991) .The transition temperatures (T g ) of glasses produced ranged between 505 and 761 °C. A general T g increase with the increase in CaO percentage in the glasses was observed.
The hydrolytic resistance of the glasses was studied in water at 98 °C for 1 h, to determine their chemical resistance and suitability for different applications. All samples resisted chemical attack with boiling water, except for two glasses prepared with the highest CaO/Al 2 O 3 ratio and with a low SiO 2 content.
Thus, vitrification is not only a suitable immobilization procedure for treating HAW, but also one which employs very cheap raw materials, such as sand and lime and achieves successful immobilization of high proportions of the waste (up to 77% waste). The most important thing, however, is that glasses show good thermal and mechanical properties, excellent hydrolytic resistance and a very wide glass-forming area, (with HAW content ranges between 48 and 77%) which makes it possible to prepare various types of glasses, resulting in added advantages for future applications.
One of the applications of these glasses is the production of glass-ceramic materials. The vitroceramic process consists of triggering the devitrification of glasses by means of a controlled nucleation and crystallization treatment (Li and Mitchell, 1999; Romero et al., 1999; Weber et al., 2002) . The crystallization temperature was determined by differential thermal analysis (López-Delgado et al., 2008) . Figure 5 shows the dynamic thermal analysis (DTA) curves for several glasses based on the system CaO-Al 2 O 3 -SiO 2 . The crystallization temperatures ranged between 850 and 970 °C for all glasses. The identification of the crystalline phases in the glass-ceramic was performed by X-ray diffraction (XRD) and the quantification of those phases was carried out by the analysis of the diffraction profile using the Rietveld method. The results yielded a relationship between the composition of the preceding glasses and the crystalline phases of the glass-ceramics. Thus, for the element which formed the glass net structure as SiO 2 and Al 2 O 3 , the following were observed, in relation to the SiO 2 content: (1) for high SiO 2 content, the devitrification produced principally, silicate-type gehlenite (2CaO.Al 2 O 3 .SiO 2 ) and/or bredigite (14CaO.2MgO.8SiO 2 );
(2) for SiO 2 content between 10 and 15%, the percentage of silicate phases after devitrification ranged between 20 and 30%; and (3) for glasses with SiO 2 content lower than 10%, no silicate phases were detected. In relation to the Al 2 O 3 content: first, for high Al 2 O 3 content, the devitrification occurred through the formation of spinel type phases (MgO.Al 2 O 3 ). In this glass-ceramic, the presence of calicum aluminate type phases, CA (CaO.Al 2 O 3 ) , 45-49-6; 2, 45-45-10; 3, 45-40-15; 4, 50-44-6; 5, 50-40-10) (reproduced from López-Delgado et al., 2009 published in Journal of Hazardous Materials with permission from Elsevier).
and C 12 A 7 (12CaO.7Al 2 O 3 ) was also found. Second, for low Al 2 O 3 content, the magnesium devitrified as a silicate phase (bredigite). Bredigite and spinel did not coexist in the same material. Figure 6 shows the scanning electronic microscopy (SEM) images of several glass-ceramics: (a) composition 40-35-25 CaO-Al 2 O 3 -SiO 2 with gehlenite as the unique crystalline phase; (b) composition 50-44-6 with the crystalline phases mayenite, CA and spinel in the proportion of 66, 19 and 15%, respectively; and (c) composition 60-30-10 in which the devitrification produces CA, mayenite, gehlenite and bredigite in proportions of 56, 24, 13 and 7%, respectively. Accordingly, a determined glass ceramics can be designed from the composition of the preceding glasses. This is a great advantage for obtaining glass ceramics from hazardous waste like HAW.
Boehmite and calcium aluminates. Aluminium oxide and hydroxide are produced from bauxite ore. The world production is around 65 million tonnes and the use of these products is continuously increasing. Thus aluminium oxides are used as food additives and in the manufacture of, for example, abrasives, refractories, ceramics, electrical insulators, catalysts, paper, spark plugs, light bulbs, artificial gems, alloys, glass and heat resistant fibres. Aluminium hydroxide is also used widely in pharmaceutical and personal care products. Food-related uses of aluminium compounds include preservatives, fillers, colouring agents, anti-caking agents, emulsifiers and baking powders, and a long less of products (Kim et al., 1997 (Kim et al., , 2003 Liu et al., 2008; Music et al., 1998 , Raybaud et al., 2001 .
Bohemite is an aluminium oxyhydroxide described by the general formula AlOOH.nH 2 O. One of its most important applications is as a precursor of the major industrial catalysts supports: γ-alumina (Raybaud et al., 2001; Tsukada et al., 1999) . Applications of boehmite depend mostly on its physical-structural properties, and these are very sensitive to the synthesis parameters (Okada et al., 2002) . Traditionally boehmite is synthesized in hydrothermal processes in which high purity inorganic aluminium salts are commonly used as raw materials (Li et al., 2006 , Liu et al., 2008 Mishra et al., 2000 . The present proposal in this sense was to synthesize boehmite from HAW which might lead to the transformation of a waste into an added-value material. Thus it could be considered as a new contribution for achieving the 'end-of-waste' denomination.
A low-temperature hydrothermal method which permits the recovery of 90% of the aluminium content in the residue in the form of a high purity (96%) AlOOH (boehmite) (Gonzalo-Delgado, 2008; Gonzalo-Delgado et al., 2011) was employed. The process consisted of a first stage, aimed at recovering the aluminium content of the HAW by dissolving it in an acid medium, and a second stage which dealt with the aluminium recovered in the first stage by means of its precipitation as boehmite. Figure 7 shows the morphology of boehmite which consists of a homogeneous agglomerate of spherical particles with size ranges in the nanometer scale (7-15 nm). Fine particle compounds are commonly used to obtain high densification ceramic products. From XRD analysis its crystallographic characteristics were determined (the cell parameters: a = 3.582 Å; b = 13.678 Å; c = 2.902 and the crystallite size which was as low as 4.7 nm). Thermal studies carried out by DTA and thermogravimetric analysis (TG) showed that alumina could be obtained from boehmite at a temperature lower than 1000 °C. Conversion between α and γ alumina can be attained by the thermal treatment of boehmite at different temperatures.
The process generates an inert solid residue that is principally composed of quartz, corundum and spinel, which can be used in Figure 6 . Scanning electronic microscopy images of the fractural surface for several glass ceramics based on the CaO-Al 2 O 3 -SiO 2 (a, 40-35-25; b, 50-44-6; c, 60-30-10) (López-Delgado et al., 2008) . other industries such as cement and glass. Furthermore, the process of synthesis also makes it possible to obtain an Al +3 solution as an intermediate stage, which can be used for the synthesis of other products, apart from boehmite, such as calcium aluminate, aluminium hydroxide and alumina.
Calcium aluminate compounds, CaAl 2 O 4 (CA), CaAl 4 O 7 (CA 2 ) and Ca 12 Al 14 O 33 (C 12 A 7 ) are widely used as hydraulic binders in the cement industry. CA is the main component of calcium aluminate cements and also plays an important role in the processing and manufacturing of macrodefect-free ceramic cements (Gaki et al., 2007; Hidalgo et al., 2009) . CA is also used as a refractory material in the steel industry.
Traditionally calcium aluminate phases are synthesized using solid-state reactions, which involve the sintering of mixtures of oxides or carbonates at high temperature and for a long time.
Recently sol-gel methods and self-combustion or polymeric precursor methods have been used as an alternative way to prepare homogeneous precursor phases (Gülgün et al., 1994; Raab and Pöllmann, 2008; Tas, 1998) . In these methods, pure reactants (salts, oxides) are employed as starting materials. Aluminium dross resulting from the melting of aluminium scrap with salt flux has been tested for preparing calcium aluminate (Morris and Pickens, 2001) . Dross is melted with salt flux to recover the metallic aluminium occluded in the oxides and the non-metallic fraction is subjected to digestion and blended with CaO to form calcium aluminate with high magnesium and calcium contents. The use of HAW as the raw material for the synthesis of several calcium aluminates has been studied López-Delgado et al., 2010) . A precursor of the aluminate phase was obtained as amorphous material by a hydrothermal method at different values of pH. The transformation of the precursor in a crystalline aluminate was followed by TG/DTA up to 1300 °C (Figure 8) . Mayenite, C 12 A 7 , was obtained as unique crystalline phase at 900 °C and then was transformed to CA at 1000-1034 °C. The morphological aspect of C 12 A 7 is shown in Figure 9 . One of the advantages of the synthesis of aluminate by hydrothermal methods is that high purity aluminate can be obtained at a lower temperature than that of traditional ceramic methods (Raab and Pöllmann, 2008) .
Conclusion
In an attempt to find solutions aimed to transform a hazardous waste into an 'end-of-waste', different procedures which yield added-value materials such as glass, glass-ceramic, bohemite and calcium aluminate have been described in this review. However these methods have only been performed at bench scale. The upscaling of some of these solutions along with studies on the economic feasibility could mean that HAW could be defined as an end-of-waste.
There is no doubt that industry in general and the aluminium industry, in this particular case, has to face significant challenges from the demands of both the market and society. This means a continuous development in innovation, side by side with the protection of the environment to achieve a sustainable framework. The research community must provide the industry with a wealth of technological solutions to overcome these challenges, and this was the aim of this review. 
